e~~cement in the rate in comparison to the monomeric analogue 1,3-prop~edi~ine [Z 1. For this particular polymeric catalyst system the effect of pH [3] , ionic strength, substrate concentration, oxygen pressure, temperature [4] and molecular weight of the polymeric ligand [ 21 on the oxidation rate of 2-mercaptoethanol (RSH) to 2,2-dithiodiethanol (RSSR) was investigated.
The polymeric catalyst exhibited enzyme-like behaviour, e.g. Michaelis-Menten kinetics (Scheme l), with respect to both thiol and oxygen, and a bell-shaped pH dependence.
E+S+02t-O,-E-S-E+P
(E stands for polymer-bound ~Pc(NaSO~)~; S for substrate (thiol) and P for products) Scheme 1.
The enhanced polymeric catalyst activity was partially attributed to the prevention of the dimerisation of CoPc(NaSO& by the basic polymer coils, and to the enrichment of these coils with thiol anions, the reactive species. The attachment of CoPc( S03)44-to the polymer was attributed to coordinative and Coulombic interaction [5, 63 , but the nature of the interaction in terms of chemical structure has not as yet been elucidated.
From catalytic experiments using copolymers of vinyl amine and vinyl alcohol as polymeric ligands, it could be deduced that the reaction rate is linearly dependent on the positive charge density on these ligands [ 71. In order to check the general validity of the concepts used to account for the catalytic behaviour of the CoPc(NaSO&/PVAm catalyst (i.e. the suggestion that the polymer charge density and the basic groups are the most important parameters which determine the polymeric catalytic activity), the present investigation has been focused at other types of basic polymer. Thus, branched poly(ethylenimine) (PEI), poly(L-lysine) (PLL) and poly-(ammonium hydroxides), also known as ionenes [S J, have been introduced as ligands for CoP~(NaSO~)4. These ligands were chosen since the polymers differ considerably in chemical structure and in the location of the ionic charges with respect to the main polymer chain. When charged, these polymers have an extended conformation in salt-free aqueous solutions, due to repulsion between like charged chain segments. The results obtained are compared and discussed with those obtained from the CoPc(NaSO&,/PVAm catalyst system. Finally, the performance of the various polymeric catalysts in re-use experiments has also been tested.
Experimental
Poly(viny1 amine hydrochloride) (Polysciences Inc.), poly(ethylenimine) (Fluka) and poly(L-lysine) (Polysciences Inc.) were used without further fractionation or purification. 2,4-, 2,6-and 2,10-ionenes were prepared as equivolume mixtures of dimethyl formamide and methanol, containing stoichiometric amounts of tetramethylethane diamine and dibromo-butane, -hexane and -decane (3 mol dmp3), respectively.
The solutions were left undisturbed at room temperature for 2 weeks. The polymers were precipitated in acetone, filtered and purified by repeated dissolution in water and precipitation in acetone. The final products were dried at 50 "C under vacuum. Carbon, nitrogen and hydrogen analysis indicated that the samples had the desired composition.
As estimations of the molecular weights of the ionenes by vapour pressure or membrane osmometry were unsuccessful [9] , the intrinsic viscosities [Q] at 25 "C in 0.4 M KBr were used as rough estimates of the molecular weights. For 2,4-, 2,6-and 2,10-ionene bromides, [q] was 0.08, 0.08 and 0.06 dl g-l, respectively. The corresponding molecular weights estimated using the Mark-Houwink constants for 3,4-ionene bromide [lo] gave ii?iw2,e = aiw2,6_ = lo4 g mol-' and mw,, ,a_ = 6 X lo3 g mol-', respectively.
All the polymers were eluted through an Amberlite 401 IRA anionexchange column, in order to obtain the amine form of the polyamines or the hydroxide form of the ionene bromides. After elution, the polymers were stored under nitrogen. The polymer concentrations, expressed as the monomolar concentration of ionisable or ionised groups, were determined by potentiometric titration in 2 M NaCl, with the exception of PEI where the method failed [ll] .
In this case the concentration as provided by the supplier was employed. The polymeric catalysts were prepared by mixing aqueous solutions of CoPc(NaSO~)~ and polymer, resulting in a polymer-attached organomet~lic complex. Catalytic me~urements were carried out in a Warburg apparatus, equipped with a mechanical stirrer and a digital oxygen flow meter. A stirring speed of 2300 rpm was maintained, although this was not critical since somewhat lower or higher stirring speeds did not affect the oxygen uptake. Initial rates were calculated from the oxygen consumption during the first minute of reaction. The pH was adjusted by adding HCl (0.01 M) or NaOH (0.3 M). A more detailed description has been published previously [41.
Results and discussion
The ionised state of the polymers A summary is provided in Table 1 of the chemical structures of the basic polymers employed in the investigations_ During the catalytic experiments with the polymeric catalysts, pH values between 7 and 8 were attained as a result of the large excess of the weakly acidic thiol to basic polymer groups (casn/c__N * ZOO). In this pH region all the polymers employed were positively charged, as appears from the titration plots shown in Fig. 2 . The degree of ionisation is dependent on the pH for the polyamines (PEI, PVAm and PLL), in contrast to the ionene hydroxide polymers which carry permanent charges. Titration of the latter reveals strong base-strong acid titration behaviour, as expected.
catalytic effects of the polymers
In order to investigate the catalytic effects of these polymers on the oxidation of 2-mercaptoethanol, the oxidation rates of polymerattached CoPc(NaSO& have been compared with the oxidation rates of CoPc(NaSO,), in the presence of the monomeric analogues (see Table 2 ). From the results of these experiments, the following important conclusions may be drawn: 1.
2.
It is obvious that the polymers cause an increase in the observed rate. Moreover, the observation that all polycations investigated lead to large increases in catalytic activity, provided that basic function~ities are also present, is indicative of true polyelectrolyte catalysis in which long-range interactions between the substrate and the polymer predominate. The precise structure of the polymer, viz. the location of the charge (whether it is inside or outside the main chain) or the kind of basic group present (amine or OH-), seems to be of minor importance. Although axial coordination effects associated with the metal centre in CoPc(NaSO~)~ may arise in polyamines [5] , these effects do not seem to 
3.

4.
play an important role in the catalysis mechanism since the 2,4-ionene appears to increase the rate considerably despite lacking any coordinative ability. Moreover, the monomeric amines which possess coordinative abilities lead to relatively low activities. The absence of lone-pair electrons in the ionenes means that hydrogen bonding can be ruled out of any substrate-polymer binding. All the polymeric catalysts investigated in this study exhibited high apparent activities. Turnover numbers were in the range 1 -4 X lo3 s-l.
Effect of salt addition
The influence of salt (NaCl) on the catalytic activity was investigated for the 2,4-ionene, PVAm and PEI (Fig. 3) . The resulting increase in the ionic strength leads to a decrease in the reaction rate for all the cations investigated. This result may indicate the importance of electrostatic effects during polymeric catalysis, and the enhanced salt effect with polycations of higher charge density supports this suggestion. IIowever, an increase in ionic strength could also cause a contraction in the polymer coils, eventually reducing the accessibility of the catalytic sites to reactants. Although the influence of diffusion was apparently not significant as far as the overall activation energies [4] for the CoPc(NaSO&/PVAm catalyst were concerned, such contraction effects cannot be entirely excluded.
Effect of polymer charge
In a recent study [ 71, a linear increase in the reaction rate with increasing polymer charge density was observed when copolymers of vinyl amine and vinyl alcohol were used as polymeric ligands for CoPc(NaSO&. To check whether this behaviour is a general characteristic for other polycationic thiol oxidation catalysts, the influence of charge density in the 2,4-, 2,6-and 2,10-ionenes on the reaction rate has been investigated. In order to enable comparison with results previously obtained for the vinyl amine-vinyl alcohol copolymers [7] , the dimensionless linear charge density parameter (X) was calculated for the polycations, using the rigid rod cell model for polyelectrolytes proposed by Katchalsky Table 1 . The results shown in Fig. 4 indicate that an almost linear relationship is also observed between the reaction rate and the polymer charge density for the ionenes studied. However, the shift between the data obtained for the ionenes and those for the amine-alcohol copolymers indicates that at a constant pH the reaction rates are not solely determined by the charge density. This shift may be explained by the difference in polarity between the chain segments in the two types of polymer.
Thus, the copolymers possess very hydrophilic chain segments (amine and alcohol residues), whereas the ionenes have hy~ophobic alkyl segments. This fact may account for the minimum threshold level of ionene charge density necessary to induce catalysis. Figure 4 also shows a plot of the calculated density of the 'bound' polymer counterion (RS-) against the charge density on the polymer (I), employing polyelectrolyte theories for salt-free solutions [ 121 in the calculation. The plot shows that the increase in rate induced by polycations equipped with basic functionalities can be explained qualitatively in terms of the enhanced local concentration of thiol anions* in the vicinity of the polymer-a~ached oxidation sites [COPC(SO~)~~] which results in an enhanced collision frequency. However, the desolvation effects of reactants and activated complex (which are generally observed in all kinds of systems in which a number of charges are confined in a small space) may also be important in any explanation of the observations reported [ 13,14]**.
This proposed desolvation of the activated complex should be reflected in the magnitude of the activation entropy. Table 3 lists the rate constants and activation parameters for some d~ferently charged copolymers and for ionenes. The increase in AS&s observed for both polymer types when the polymer charge density is increased fits in with both concepts advanced above to account for the observed increase in the rate, i.e. an increase in the local substrate concentration and increased desolvation of the activated complex by the high electrostatic potential of the macroions present. However, for the amine-alcohol copolymers the increase in activation entropy is quite modest relative to that for the ionenes, where AS$as increases substantially at the expense of a low activation enthalpy. These differences in entropy increase may be explained from the viewpoint of dehydration of the activated complex by the increased hydrophobic effects which occur with ionene polymers when the charge density is decreased and the length of the alkyl segments is increased. In this context it might be expected that such differences in the dehydration of the activated complex, as exhibited by changes in the AS&s values, would be more pronounced for the ionenes than for the copolymers, since the latter are hydrophilic even at very low polymer charge densities. Hence, the influence of hydrophobic ionenes on the activation entropy should diminish as the length of the alkyl chain segments diminishes and with increasing charge density as in the 2,4-ionene. The similar activation entropy values found for the 2,4-ionene (AS&s = -58 J mol-' K-i) and for the vinyl amine-vinyl alcohol copolymer (a = 0.81) (AS&s = -53 J mol-' K-l) support this suggestion.
Effect of pH
A change in the pH of the reaction medium will seriously affect important parameters establishing the catalytic activity, e.g. the amount of basic groups in the polymer domain and thus the amount of thiol anions, the polymer charge (with the exception of the ionenes) and the ionic strength of the reaction medium. The conformation of the polymer coil will also be affected.
In Fig. 5 is shown the effect of pH on the catalytic activity of the various polymeric ligands. More or less bell-shaped curves are found, as often observed for enzymes [ 161 where both basic and acidic sites take part in the reaction. The importance of basic sites (and hence of RS) in the catalysed oxidation of thiols is reflected by the increase in the rate at pH > 4 as depicted in Fig. 5 . All the polymers studied exhibited an optimum pH value with the reaction rates being reduced at higher pH values. This rate-retarding effect is more drastic for the polyamines than for the 2,4-ionene. This can be explained in terms of the loss of charge by the polyamines at higher pH values (Fig. 2) whereas the ionene retains its charge irrespective of pH. This favours a higher catalytic activity for the ionene (as can be deduced from Fig. 4) .
The increase in ionic strength at higher pH as a result of the dissociation of RSH, will cause a retardation in the rate for all the polycations, as is shown in Fig. 3 . The optimum pH values observed in Fig. 5 for the polyamines lie in the sequence PEI < PVAm < PLL. This can be explained in terms of the basicity of the amine groups, which also increases in the order PEI < PVAm < PLL as shown in Fig. 2 . This means that at a pH value of 6, which is the optimum value for PEI, the environment of PLL will be too acidic to allow this polymer to exhibit its optimum pH optimum is shifted to higher values in this case.
Re-use of catalysts activity and hence the Other workers in this institute have shown previously that the stability of the CoPc(NaSO~)4/PV~ catalyst is poor [17] . Such deactivation was linked to the formation of HzOz during the reaction. Apart from the wellknown destruction of CoPc(NaSO& by HzOz, these workers also showed that small amounts of sulfur-containing 0x0 acids were formed during the reaction, which caused protonation of the amine groups of PVAm and hence a drift in the pH from its optimum value. In the catalyst re-use tests described here, the latter effect has been eliminated by adjusting the pH to a value of 8 before each run, and in this way removing the small amounts of acid formed.
The catalyst performance during successive runs is shown in Fig. 6 , indicating that the polyamines still exhibit poor stability under these revised conditions, whereas the 2,4-ionene shows a much better performance. The oxygen mass balance data listed in Table 4 show that HzOz and sulfurcontaining 0x0 acids are formed in both the PVAm and ionene systems. This suggests that during oxidation the polymeric amine groups are attacked chemically whereas the quaterna~ ~monium groups of the ionenes are not. Indeed, there is evidence* that deactivation of polyamine catalysts is principally caused by nucleophilic cleavage of the reaction product RSSR by primary or secondary amines, yielding sulfenamides and thiol [ 18, 191 , and thereby destroying the charge and basic functionalities of the polyamines. Since nucleophilic groups are absent from the ionenes, they will be inert to such poisoning; hence in this case the main cause of deactivation will be destruction of CqPc(NaSO& by H,Oz. This is confirmed by the observation that the addition of fresh CoPc(NaSO& solution to the PVAm catalyst after its use in four runs does not increase its catalytic activity significantly (Fig. 6) , whereas a similar addition to the 2,4-ionene catalyst results in a considerable recovery of the catalytic activity even after 19 runs. This latter observation is even more significant when the accumulation of dialcohol (RSSR) in the reaction mixture (up to 25% v/v) is considered. Such accumulation alone would be expected to lower the rate considerably [ 201.
Conclusions 1.
2.
3.
4.
Cationic, basic polymers exhibit a large, rate-increasing effect on the CoPc(NaSO&atalysed oxidation of 2-mercaptoethanol relative to their monomeric analogues. Electrostatic effects play a dominant role in the catalysis; the reaction rate varies linearly with the linear charge density on the polycation, and the addition of salt retards the rate of reaction. The presence of hydrophilic side-groups on the polymers promotes the reaction. Increased local concentrations of the thiol anions in the vicinity of the oxidation sites and the dehydration effect of the activated complex account for the observed rate constants and activation parameters. Although axial coordination of CoPc(NaSO& by the polymeric ligand may occur (e.g. in PVAm), it is highly unlikely that this accounts for the catalytic effect of the polymers since the addition of 2,4-ionene, which has no coordination tendencies towards CoPc(NaSO&, also causes a considerable increase in the reaction rate. When CoPc(NaSO,), is attached to polycations equipped with quaternary ammonium groups, the resulting catalyst exhibits considerably improved catalyst stability in re-use experiments relative to polyamines. 
*Mixtures
of PVAm and RSSR yield a thiol odour soon after mixing. They also discolour an iodine solution after acidification, whereas RSSR on its own in aqueous solution does not.
